We present a first-principles study of RFe 12−x Cr x (R = Y, Nd, Sm) crystals with ThMn 12 structure. We discuss, within the mean field approximation, intersite magnetic couplings calculated using Liechtenstein's formula and convert them into Curie temperatures, T C , which are found to become larger when a small amount of Cr (x ≤ 0.5) is introduced into the system. This enhancement is larger than that for Co in the dilute limit, x → 0. In contrast, above x > 0.5, the Curie temperature decreases as Cr concentration increases. This behavior is analyzed using an expansion of T C in terms of concentration.
Introduction
Iron compounds with the ThMn 12 structure [space group: I4/mmm (#139)] are 
4)
Some of the RFe 12−x M x compounds (R: rare earth; M: metal) are thermally much more stable than RFe 12 and hence they can exist as bulk material. Introducing M for stabilization can affect their Curie temperature, T C , which has been investigated by several authors. 4) However, the range in concentration of M observed in experiments was limited at the time because of the thermal instability.
Ogura et al. 5) discussed the addition of Cr and V into iron systems based on a first-principles calculation. They showed that the Curie temperature is enhanced by Cr in a hypothetical Fe 15 Cr system, which they attributed to Cr around which the local electronic structure of the nearest Fe atoms became Co-like. They also suggested that Fe/Cr heterostructures could achieve higher T C than the pure Fe system. In regard to rare-earth permanent magnets, the enhancement of the Curie temperature by doping with Cr has been experimentally observed in 2-17 systems: Hao et al. 6) showed that Th 2 Ni 17 -type Y 2 Fe 17−x Cr x has a ∼100 K higher value of T C at x = 1 than x = 0; Girt et al. 7) showed that Th 2 Zn 17 -type Nd 2 Fe 17−x Cr x has a ∼50 K higher value of T C at x = 1 than x = 0. Both attribute the enhancement to a decrease in the anti-ferromagnetic coupling between the shortest Fe-Fe bonds in the system through the substitution of Cr.
In this study, we investigate RFe 12−x Cr x for R= Y, Nd, Sm. We discuss intersite magnetic couplings calculated following Liechtenstein's method.
8) The value of each of these couplings is converted to a Curie temperature using the mean field approximation. The calculated T C is enhanced by Cr in the concentration range 0 < x ≤ 0.5, for which there have been no experimental reports of T C to the best of our knowledge.
This enhancement induced by Cr is larger than that by Co in this regime. However, at a certain concentration in x > 0.5, the Curie temperature begins to decrease as the Cr concentration increases. This non-linear behavior of T C as a function of x is analyzed using a concentration expansion of T C , and explained in terms of inter-sublattice couplings for Fe-Fe, Fe-Cr, and Cr-Cr.
Methods
We use the Korringa-Kohn-Rostoker Green function method for solving the KohnSham equation 9) obtained from density functional theory.
10) The local density approximation is used in the calculation; the spin-orbit coupling at the R site is taken into account with the f-electrons treated as a trivalent open core for which the configuration is constrained by Hund's rule; the self-interaction correction 11) is also applied to the f-orbitals. Fe and the dopants are treated within the coherent potential approximation (CPA) under the assumption that Cr (or Co) occupies Fe(8j), Fe(8i), and Fe(8f) sites with an equal probability. We refer readers to Ref. 12 for further details of the calculation setup.
We use the lattice parameters of RFe 12 obtained using QMAS, 13) which is based on the PAW method, 14, 15) In our calculation of the Curie temperature, we considered a sample-dependent Heisenberg-like Hamiltonian H(n) for the nth sample (n = 1, 2, · · · ) in the form of
where e i,n denotes a unit vector in the direction of the local spin-polarization at the ith site of the nth sample, and J i,j is a random coupling made of J
determined by the Liechtenstein formula:
where γ A i (n) is a random variable corresponding to the occupation number of the A atom at the ith site of the nth sample (therefore the value of γ A i (n) must be either 0 or 1). We assume quenched randomness for the systems, and the occupation number at a site is considered independent of that at other sites. The distribution of γ A i (n) is taken so that its sample average, C A i , becomes the concentration assumed in the KKR-CPA calculation. Specifically, for the current case, C R = 1, C Fe = 1 − x/12, and C Cr = x/12.
Based on this Hamiltonian, the Curie temperature is estimated using the mean-field approximation, which is summarized in Appendix C. experiment. 17) Comparison between calculated and experimental T C within the meanfield approximation for other ThMn 12 -type systems are also presented in our previous paper, and they are also in good agreement when a relative change is considered. Let us compare the enhancement in T C caused by Cr with that by Co because Co is a typical element that is commonly used for increasing the Curie temperature for
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Fe-based systems. From here on, we take SmFe 12−x Cr x as typical of the RFe 12−x Cr x systems; this is justified from the strong resemblance of all the T C curves. To analyze the behavior of the T C curves in the dilute region, we consider the concentration expansion of T C :
The difference in rise between M=Cr and M=Co can be attributed to the difference in Then, α 1 can be written as 
Calling the first and second terms in the final expression as the "Direct" and the "Indirect" parts, the former represents the direct effect obtained by replacing the Fe- we use the summation of J
A-B ij
defined by reduce the Curie temperature as these couplings are against the spin-alignment of the ground state.
The weakening of the Fe-Cr couplings can be related to reduction of the local moment at the Cr sites. As has been discussed previously, 18, 19) the antiferromagnetic coupling of Cr to the surrounding Fe elements is energetically stable due to hybridization between states in the d-bands energetically close to each other. On the other hand, Cr prefers to couple itself antiparallel with the surrounding Cr elements due to hybridization between energetically separated states (or superexchange). 18, 19) However, this is against the Fe-Cr coupling that favors Cr pairs to couple ferromagnetically. Instead of being totally against it, Cr reduces its local moment (and sacrifices the intra-atomic exchange energy) to relax the band energy with hybridization when the concentration of Cr increases. Therefore, increase of the Cr concentration results in the reduction of the Cr moment shown in Fig. 4 . The Fe-Cr coupling simultaneously becomes weaker as shown in Fig. 3 .
Conclusion
We calculated the electronic structure of RFe Cr (8j) Fe (8i) Cr (8i) Fe (8f) Cr(8f) Table A·2 with representable atomic positions of the atoms. The contribution from the R-f electrons are excluded from those values.
Appendix C: Conversion of the intersite magnetic coupling to a Curie temperature
We here summarize how we apply the mean-field approximation to the Hamiltonian given as Eq. (1) and (2) to obtain the Curie temperature. The methodology is essentially identical with that used by previous authors for their problems (e.g., [21] [22] [23] ).
We consider the fluctuation of e i,n from the sample average assuming it to be sufficiently small. However, the nature of e i,n strongly depends on the atom that occupies the site (e.g., Fe or Cr as in the main text). To avoid this problem, we introduce an extra spin e A i,n associated with atom A and make the replacement
Because γ A i (n) = 1 only when A is the atom that occupies the ith site in the nth sample and vanishes otherwise, this does not change the physical meaning of the Hamiltonian of Eq. (1). With this substitution, one can rewrite the Hamiltonian as
We now consider deviations of e 
We need to treat the correlation between δe and δγ at a site. By noticing e
wherein the defined δ (γ e ) satisfies δ γ
By omitting the constant term and the terms with δ (γ e ) 2 , one can obtain the approximate Hamiltonian,
As this is simply the mean-field Hamiltonian of the ordinary Heisenberg model, a selfconsistent equation can be obtained,
where h A i is related to χ by . This matrix D satisfies |D u| ≥ | u| for any u because D is diagonal and all the diagonal elements are larger than or equal to 1. Therefore, the largest eigenvalue κ of the matrix Q is
where the last equality comes from det(γI − QD 2 ) = det(D) det(γI − QD 2 ) det(D −1 ) = det(γI − DQD), which holds for any γ. Therefore, I − Q is positive definite, which means there is no non-trivial solution to Eq. (C·8).
